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577 ABSTRACT

A microwave apparatus injects microwave energy into
a receptacle that is at least partially transparent to mi-
crowave energy. The receptacle has a window of mi-
crowave transparent material. The apparatus includes
at least one microwave transmitter and one open micro-
wave guide which is connected to the microwave trans-
mitter and which is situated in the immediate vicinity of
the receptacle. The open microwave guide has a plural-
ity of parallel rungs and forming a slow - wave structure
of the strapped bar type. The microwave guide 1s of a
symmetrical V-shape, and at the apex of the V it 1s at a
smaller distance from the window than at its feed point.
A microwave feeder is disposed at at least both ends of

the open microwave guide.

- 6 Claims, 3 Drawing Sheets
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APPARATUS FOR INJECTING MICROWAVE

ENERGY BY MEANS OF AN OPEN MICROWAVE'

GUIDE

BACKGROUND OF THE INVENTION

The invention relates to an apparatus for the injection .

of microwave energy into a receptacle that 1s at least
partially transparent to microwave energy, by means of
a microwave transmitter and an open microwave guide
connected to the microwave transmitter and 51tuated in
the direct vicinity of the receptacle.

Such a receptacle either can be made entlrely of a

material transparent to microwave energy, 1.€., it can be
formed, for example, by a quartz tube, or it can have a
microwave-transparent window of such a material.

An apparatus of the kind described above which has -

a window is disclosed, for example, in German Pat. No.
31 47 986. The “open microwave guide’” consists in this
case of a “ladder-like” metal structure having two par-
allel stringers and numerous “rungs” at equal distances
apart and at right angles to the stringers and connecting
the latter together electrically. The *“rungs” are con-

nected alternately each with one or two central conduc-
tors. With such structures it is possible to transmit the

microwave power fed to one end over the length of the

structure in an approximately uniform manner into the

interior of the receptacle. In microwave parlance such
structures are also referred to as ‘“‘slow-wave struc-
tures,” which can also be described as *“‘delay struc-
tures.” - | | |
“Delay structures” are basically microwave conduc-
tors through which a bond electromagnetic wave trav-
els in a particular direction. The electric power is in this
case transported, in the form of the electrical field sur-
rounding the structure, at the so-called “group veloc-
ity” vg Independently of this the phase of the wave
travels with the phase velocity vps. The two velocities
are also independent in their sign, so that it can easily

occur that group velocity and phase velocity run in

opposite directions. The expression, “slow,” in connec-
tion with the waveguide structure, can refer either to
the phase velocity or to the group velocity. In general,
the group velocity can be between 0 and the speed of
light in a vacuum. The value “0” applies to a structure
that consists of resonant circuits which are not coupled
to one another and through which no wave is running.
The velocity of light, however, is achieved in a smooth

waveguide. The phase velocity, on the other hand, can
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also assume values that are greater than the velocity of

light.

The group velocity is lowered by loading a straight
waveguide with periodically disposed obstacles—i.e.,
the so-called “rungs” in the case of the ladder structure
described above. Depending on how these obstacles are
arranged, velocities between 1% and 100% of the ve-
locity of light can be established in practice. An exten-
sive discussion of the properties of periodic structures at
microwave frequencies is to be found in A. S. Harvey,
“IRE Transactions on Microwave Theory and Tech-
niques’”, Jan. 1960.

A whole series of slow-wave structures for the injec-

tion of microwave energy into receptacles and/or mate-
rials is described in the literature.

Of particular interest is the fact that the electnc field
connected with a particular power flow along the struc-
ture evidently must become greater as the group veloc-
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ity becomes lower, i.e., for a constant flow of power the |

| followmg equatlon applies:

Ez"-’ 1/1’3'.

This field can become so great for low group velocities
and can extend so far into space away from the guide
structure that it is suitable for the production of non-

thermal low-pressure plasmas. Such an application 1s

discussed, for example, by the group of authors, E. S.
Hotston, J. M. Weaver, and D. J. H. Wort, in “U.K-
A.E.A. Research Report,” CLM-R78, 1968. This isa
theoretical discussion having to do with the 1nput of
microwave energy into a plasma. The energy in this

case is coupled in by a slow-wave structure located

outside of the plasma. The plasma itself 1s eonﬁned by a

‘magnetic field.

U.S. Pat. No. 3,663,858 dlscloses the production of a ;
low-pressure plasma in a plasma receptacle with a slow-
wave structure of helical configuration.

To make the energy input uniform over the length of

the structure, it is proposed both in the first-named
German Pat. No. 3147 986 and in U.S. Pat. Nos.

- 3,472,200 and 3,814,983 to arrange the structure or-
structures at an acute angle to the adjacent material.

When a receptacle is used, a uniform plasma is to be
achieved over the enitre length of the receptacle. The
effectiveness and limits of this method are described in
German Federal Pat. No. 31 47 986 so that, to eliminate
the undesired influences, it is proposed to use two struc-
tures crossing one another at an acute angle with con-
trary energy injection. For a length of the excited
plasma of about 450 mm, this known solution resulted in

a uniformity sufficient for many applications, which

uniformity varies between 5% and +10% depending

on the monomer used for the plasma process. At the
same time, however, practical operation shows a num-
ber of limitations of the known solution:

Owing to its complexity, it is a relatively complicated
and expensive apparatus.

Since the substrate passes suecesswely threugh two
plasma zones of, as a rule, different strength, a change
in the build-up of the coating is the result. |

The structure length cannot be increased indefinitely,
because in this case the difficulty arises that, as the
structure length increases, the necessary angile rela-
tive to the microwave window becomes increasingly
acute. This leads not only to mechanical but also to
electrical instability.

On account of the division of the plasma length, which
is needed for great substrate widths, into two or three
structures arranged in tandem, the phenomenon of
so-called “plasma bellies” occurs in the optically
visible plasma, which are also reflected in an uneven
distribution of the coating density. The reason for thlS
phenomenon is not yet understood.

SUMMARY OF THE INVENTION

It is therefore an objective of the invention to im-
prove an apparatus of the kind described above by
achieving a great length in the plasma, with an ex-
tremely uniform energy distribution in the plasma, and
with little eomplemty of construction. -

This objective is acheived, according to the inven-
tion, in the apparatus described above, by providing the
open microwave guide with a microwave feeder at least

-at both its extremities.
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‘This type of construction is a complete departure
from the design pnnmples practiced heretofore, of pro-

viding enly one microwave feeder at the end of each

open microwave guide. If necessary, a so-called
“dummy load” used to be connected to the opposite end
of the open microwave guide through a microwave
shunt. This is also described in German Pat. No. 31 47
986, but it does not lead to the solution of the existing
problems. In the application of the invention, each mi-
crowave guide can be disposed perfectly parallel to the
receptacle surface or to the window.

The substrate no longer needs to pass successively

10

through two plasma zones of, in some cases, different

strength, so that a largely more uniform build-up of the
coating can be achieved. |

Since the open microwave guide can be provided
with additional microwave feeders almost as frequently
as desired along its length, there are no practical limits
to the variation of the length. By the elimination of an
acute angle of incidence the system is stabilized not only
mechanically but also electrically.

The phenomenon of “plasma bellies” does not occur.

If the number of microwave feeders is even, every
two microwave feeders can be connected by a tee joint
to a single microwave transmitter.

It is especially advantageous if at least two micro-
wave feeders are connected to the at least one micro-
wave transmitter with a fixed phasing. This can be ac-
complished preferably by coupling each single transmit-
ter to two microwave feeders through the above-
described feeder branching.

However, a plurality of transmitters with fixed phas-
ing can also be used, so that in this case the microwave
feeders are connected each to a microwave transmitter
of its own. |

According to a further development of the invention
in connection with a receptacle in which a window of a
material transparent to microwaves is located in a
known manner, it 1s especially advantageous if its thick-
ness corresponds to the equation

a=A/4n

wherein “A” is the wavelength of the microwave and
“n” is the refractive index of the window material for
the microwave.

The state of the art does not describe at all this deter-
mination of dimensions this is probably mainly due to
the fact that the entire state of the art deals only with
apparatus of very small dimensions in which the wall
thickness or the thickness of the window is very small
with respect to the wavelength which, in the case of the
frequencies commonly used, amounts to about 12 cm
(f=2.5 GH2).

In the case of large industrial installations, however,
in view of the pressure difference which the window is
expected to withstand, window thickness of about 15 to
20 mm are to be anticipated on a purely mathematical
basis. In this case, however, a partial reflection of the
microwave energy occurs both at the front surface and
at the back surface of the window, so that a correspond-
ing interference may be observed. Moreover, under the
influence of the electrical field around the delay struc-
ture, a corresponding electromagnetic wave forms in
the dielectric of the window.

It has been found according to the invention that this
problemi does not occur if the dimensional formula
given above is followed. In the case of quartz glass in
which n=1.94, the calculated window thickness will be
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d =30 mm, which has proven to be the optimum thick-
ness. |
Experlments performed with windows of dimensions
computed in this manner have shown a clear improve-
ment of the uniformity of the plasma zone combined
with markedly less attenuation of the microwave power
put into the plasma. It has been observed that the input
power definitely recedes when the thickness of the
window is reduced from 30 mm to 15 mm. As a conse-
quence, the plasma would not ignite or would ignite
only with difficulty.

Again, according to a further development of the

invention it is especially advantageous if the surface of

the window facing the microwave guide has a coating

' of a material with a smaller index of refraction than that

of the window material. |

In this manner it is possible to reduce the reflection of
the microwave against the microwave window surface
in contact with the atmosphere. Practical experiments
have shown that conditions are optimum when the
coating is a polytetrafluorethylene plate with a thick-
ness of about 5 mm. In this case two opposite etfects
have to be weighed against one another: On the one
hand the plasma becomes more uniform as the thickness
of the coating increases, but on the other hand the input
of the microwave energy becomes perceptibly poorer.

Lastly, it is again especially advantageous if the mi-
crowave guide is made in a symmetrical V-shape, and 1s
closer to the window at the apex of the V than it is at its
feed points.

The preferred embodiments of the subject of the
invention, and their manner of operation, will be ex-
plained below in conjunction with FIGS. 1 to 5.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows sections of a window and a microwave
guide mounted over it.

FIG. 2 is a perspective view of a vacuum chamber
having a window, a microwave guide and two feed
points, each partlally cut away.

FIG. 3 is a side view of a microwave gulde having
four feed points and two microwave transmitters.

F1G. 4 is a graph of curves against the coating thick-
nesses.

FIG. 5 is another graph of the reflection in windows
with and without the coating of polytetratluorethylene.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a portion of the length of an open mi-
crowave guide 1 of the kind described above, over a
window 7 that is permeable to microwaves. The micro-
wave guide 1 consists of metal, namely of two parallel
stringers 2 and 3 which are spanned at equidistant inter-
vals by rungs 4 disposed at right angles to the stringers.
The rungs are connected alternately each with one of
two middle conductors 5 and 6.

The microwave-transparent window 7 is also shown
partially cut away. It consists of a quartz glass plate 8
facing the plasma, with a thickness of 30 mm, and a
coating 9 consisting of polytetrafiuorethylene with a
thickness of 5 mm.

A window 7 of this kind is also represented in FI1G. 2;
it constitutes the roof 10 of a vacuum chamber 11 and
another plate 12 constitutes the floor thereof., A sub-
strate holder 13 carrying numerous substrates 14 is
moving through the space between the roof 10 and the
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5 .

floor 12. The direction of movement is indicated by an

arrow 15, and it is at right angles to the longest axis of
the window 7. -

Over the window 7, and parallel thereto, there is |

disposed the open microwave guide 1, represented in a
simplified manner. Only the rear part of a shielding
housing 16 is represented.

The microwave guide 1 1s provided at mtervals with
microwave feeders 17 and 18, which are connected to a
microwave transmitter 21 by a tee junction 19 and a
connecting section 20. In the present case the micro-
wave feeder 17 is connected to the one end of the mi-
crowave guide 1. The microwave feeder 18 feeds into
the microwave guide 1 at a point remote therefrom. A
mirror-image symmetrical arrangement is situated at the
other end of the microwave guide 1, which is not fur-
ther represented here.

FI1G. 3 shows a system which can be thought of as
formed by doubling the arrangement in FIG. 2. In this
case an additional microwave transmitter 22 1s pro-
vided, which merges through a tee junction 23 into two
additional microwave feeders 24 and 25 which lead into
the microwave guide 1 in a mirror-image symmetry
with the feeders 17 and 18. The microwave transmitters
21 and 22 are operated in a fixed phase relationship to
one another, and the same fixed phasing in relation to
the microwave guide 1 1s assured by the tee junctions 19

and 23.

FIG. 4 is a graphic representation of the experimental

results obtained with two differently constructed mi-
crowave guides of 900 mm length each. This micro-
wave guide was provided at both ends with the micro-
wave feeders 17 and 18. In this manner a coating thick-

ness distribution was obtained as indicated by the upper

curve 26. Also observed was the formation of a slight
minimum in the center of the microwave guide. By
- means of a shallow V-shaped configuration of a micro-
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wave guide 1g, which is indicated by the broken lines, 1t -

was possible to eliminate this minimum in the center, as
can be seen in the bottom curve 27. It is to be noted that
‘a microwave guide of only 900 mm length represents a
doubling of the length of the formerly available micro-
wave guides. The deviations in the coating thickness
uniformity were between about =5% and *=10%. On
the ordinates is represented in nanometers (nm) the
coating thickness pertaining to curves 26 and 27 for
coatings of hexamethylene disilazane and of acetylene.

In FIG. 3, 28 identifies matching circuits in the form
of three-rod tuners. These have points for measuring the
forward power Py. They are preceded by a circulator
29 for tuning out the back power Pgr which is fed
through a microwave guide 30 of a dummy load which
is not shown. The transmitters 21 and 22 are thus pro-

tected from the back power.
FIG. 5 shows the reflection of a microwave with a
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represent a window with a polytetraﬂuorethylene coat-
ing. Integration over all angles of incidence show a
decided reduction of reflection to about half, if instead

of a plain quartz glass window a window is used which
- is provided with a coating 5 mm thick of polytetrafluor-

ethylene.

There has thus been shown and described a novel |

apparatus_for injecting microwave energy into a recep-
tacle which fulfills all the objects and advantages

sought therefor. Many changes, modifications, varia-
tions and other uses and applications of the subject
invention will, however, become apparent to those

-skilled in the art after considering this specification and

the accompanying drawings which disclose the pre-
ferred embodiments thereof. All such changes, modifi-
cations, variations and other uses and  applications
which do not depart from the spirit and scope of the

invention are deemed to be covered by the invention

which is limited only by the claims which f{ollow.

We claim:

1. In apparatus for injecting microwave energy into a
receptacle that is at least partially transparent to micro-
wave energy, said apparatus comprising at least one
microwave transmitter and one open microwave guide
which is connected to the microwave transmitter and
which is situated in the immediate vicinity of the recep- |
tacle, said open microwave guide having a plurality of
parallel rungs and forming a slow-wave structure of the
strapped bar type,

the improvement wherein a microwave feeder is

disposed at at least both ends of the open micro-

wave guide; wherein the receptacle has a window

of microwave transparent material; and wherein

the microwave guide is of a symmetrical V-shape,

and at the apex of the V it is at a smaller distance
from said window than at its feed points.

2. Apparatus according to claim 1, wherein a micro-

wave feeder is disposed not only at both ends of the

‘open microwave guide, but also at at least one point

lying between said ends.

3. Apparatus according to claim 1, wherein the at
least two microwave feeders are connected with {ixed
phasing to the at least one microwave transmitter.

4. Apparatus according to claim 1, wherein each

- microwave feeder is connected with its own microwave
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frequency of 2.5 GHz from the atmosphere face of the

microwave window in both directions of polarization
for all angles of incidence. The angles of incidence from
0 to 90 degrees are plotted on the abscissa. The solid
lines represent a quartz glass surface; the broken lines

transmitter. -
5. Apparatus according to claim 1, wherein the thick-

ness of said window corresponds to the equation

d=M\/4n,

wherein “A” is the wavelength of the microwave and
“n’’ is the index of refraction of the window material for

the microwave. | |
6. Apparatus according to claim 5, wherein the sur-

~ face of the window facing the microwave guide has a
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coating of a material with a smaller refractive index

than that of the window material.
. E * % | # L
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